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Highlights: 
 Numerical investigations of relative rotations and mean power captured by the three-float multi-mode wave energy 
converter M4 have been presented and discussed in the paper 
 An increase of power of about three times is achieved at its peak value through optimisation of damping coefficient. 
 Impact of hydrodynamic interactions on the performance of multiple M4 devices has been assessed by numerical model. 
 
1. Introduction 
The most challenging technical issue with wave energy conversion is how to design high performance wave energy 
devices with affordable costs. Researchers at the University of Manchester have developed a floating, three-body line 
absorber M4 (as shown in Fig.1) that can extract wave energy from various modes of relative motion (surge, heave and 
pitch) between the floating bodies [1, 2] and align with the wave directions automatically (only small angles between the 
horizontal longitudinal axis and mean wave directions are desirable). As a floating moored system, M4 is easily deployed 
and maintained compared with those systems consisting of fixed substructures. The single hinge for power take-off in 
M4 is accessible above the deck on “Float 2”. By optimising the geometries of floats to minimise the energy loss due to 
viscous effects, up to 60% improvement of performance has been achieved [1, 2]. To give a better understanding of the 
hydrodynamic characteristics of M4 and assess the impact of hydrodynamic interactions on the performance, 
investigations have been made using a numerical tool based on the potential flow frequency domain code DIFFRACT 
[3]. 
       
Fig.1 Laboratory-scaled model in wave basin (unit: m) and two-body dynamic system in numerical analysis 
 
2. Multi-body Dynamic Model in Potential Flow Frame 
Under the potential flow assumption, the motion equations for multiple floating bodies without mechanical connections 
can be written in the frequency domain [3] 
         2 ( ) i ( ) ( ) ( )H H H exf              M A B B C C                           (1) 
in which, vector {fex} on the right hand side represents the linear wave excitation forces/moments which are related to the 
geometries of floating bodies and the incident waves (considering water depth d, wave height H, wave period T and wave 
direction β). The unknowns {ξ} in Eq. (1) denote frequency dependent 6-degree motions of each floating body. The matrix 
M is the mass matrix for the N bodies, while B and C are external linear damping and stiffness matrices. Matrix CH 
represents the hydrostatic and mooring restoring coefficients. Matrices AH and BH are the added mass and radiation 
damping matrices that are related to the radiation forces due to the body motions (determined by the geometries of bodies). 
Eq. (1) can be simplified as 
    exf K                                                                                   (2) 
To consider the mechanical connections (e.g. hinges) between the floats in WECs, the technique of Lagrange multipliers 
{λ} is introduced to define the generalized constraint forces and the motion equations become [3] 
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where D is a constraint matrix, which defines the kinematic connectivity between the floating modules in the WECs. 
When PTOs are simplified as linear rotational dampers with damping coefficient Bd, the forces introduced by PTOs can 
be calculated using ( )PTO d r d rf B i B      , where θr are relative rotations between the rigid modules. As shown in 
Fig.1, the bow float (“Float 1”) and mid float (“Float 2”) are rigidly connected by a beam, which can be modelled as a 
combined body and referred as “Float 1&2” in the present numerical analysis. Mass and inertia (about CoG) of the current 
two-body dynamic system have been listed in Table 1. The relative pitch motion at the hinge can be calculated as 
11 5r    . Here 1  to 6  denote 6 degrees of motions of “Float 1&2” and 7  to 12  are for “Float 3” in the numerical 
model. The motion equations of interconnected multiple floats containing PTOs becomes 
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The unknown θr can be moved to the left hand side of Eq. (4) and the corresponding coefficients can be absorbed into 
matrix K. The motion equations for WEC become 
2
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The mass and inertia of floats, damping moments of PTO, hydrostatic and radiation forces have been considered in matrix 
K2. There is no external damping and the effect of mooring forces is assumed to be small (B=0 and C=0). 
 
The mean power captured by the WEC in regular waves at period T can be written as 2 2 2( ) 2 | |c d rP T B T   [4]. To 
assess the performance of WEC in arrays, q-factor is usually used indicating the impact of hydrodynamic interactions on 
power absorption, which can be defined as , ,( ) ( )c array array c isolatedq P T N P T  [5]. Here Narray is the number of devices in 
the array. However, the q-factor is not sufficient to show the effects of multi-body interactions on the performance of 
WECs in arrays because it hides the real amount of absorbed power [4]. Here we use a modified factor qmod to assess the 
performance of WECs in arrays, namely 
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where ,max{ ( )}c isolatedP T  is the maximum absorbed power across all periods experienced by an isolated WEC. If qmod<0, 
the average power captured by each WEC in the array is less than the power from an isolated WEC, which indicates that 
wave interactions have a negative effect on the power absorption in arrays. Conversely, the park effect is regarded as 
constructive if qmod>0. 
 
3. Validation of Numerical Model 
The experiments were carried out in the COAST wave basin at Plymouth University with water depth of 1.0m. The tests 
can be divided into 2 groups according to the wave heights (H≈0.03m and H≈0.05m) as shown in Table 2. Both wave 
heights H and mechanical damping of PTO Bd were different for wave periods of T=0.6-1.6s (ΔT=0.1s). Direct 
comparisons between measurements and numerical results have been made for relative rotations θr and mean power Pc 
as shown in Fig. 2 and Fig.3. It can be seen that the present linear model can provide satisfactory predictions. The largest 
relative rotation is about 10o when H≈0.05m at T=1.2s and the corresponding mean power is 1.13W. Due to the variations 
of H and Bd as seen in Table 2, the values of θr in Fig.2 and Fig.3 are not following a linear relationship between the two 
nominal wave heights. 
 
Table 1 Mass and inertia of physical model 
(about CoG) 
 Float 1&2 Float 3 
Mass (kg) 10.1 24.0 
XCoG (m) -0.169 0.793 
YCoG (m) 0.0 0.0 
ZCoG (m) -0.071 -0.120 
Ixx (kg m2) 0.2682529 0.647939 
Iyy (kg m2) 1.3184478 0.686797 
Izz (kg m2) 1.2052959 0.730414 
 
 
 
 
 
Table 2 Wave heights H and Bd in experiments 
 H≈0.03m H≈0.05m 
T (s) H (m) Bd (Nms) H (m) Bd (Nms) 
0.6 0.019746 6.61587 0.045397 8.94465 
0.7 0.021470 9.77849 0.037759 6.42148 
0.8 0.025940 4.41930 0.044075 4.56104 
0.9 0.024580 6.40728 0.042011 3.88574 
1.0 0.022978 6.66238 0.035913 3.78748 
1.1 0.024031 5.63643 0.041114 3.28271 
1.2 0.024798 5.65411 0.042456 3.03081 
1.3 0.025617 6.76979 0.045188 4.11856 
1.4 0.025019 8.08623 0.044787 6.11586 
1.5 0.024414 9.57468 0.045329 7.59046 
1.6 × × 0.041957 8.77892 
 
    
Fig.2 Measured and calculated relative rotation and mean power of M4 in regular waves (H≈0.03m) 
 
    
Fig.3 Measured and calculated relative rotation and mean power of M4 in regular waves (H≈0.05m) 
 
4. Hydrodynamic Interactions between Floats of Single Device in Regular Waves 
In the following numerical analysis, the wave height is set as H=0.03m where there is accurate prediction. After 
optimisation, Bd is chosen as 0.8Nms to get maximum power at the peak period (T=1.16s) in range of T=0.6-1.6s 
(ΔT=0.02s). As shown in Fig.1, M4 is a multi-body WEC which can only capture wave energy from the relative pitch 
motions about the hinge. It is important to assess the influence of roll and yaw motions when waves come from 
nonzero angle. Roll and yaw motions of M4 under different wave directions (β=5o and 10o) are shown in Fig.4. The 
largest roll and yaw motion are found at T=1.28s. The roll motion is up to 18o when β=10o (here we have not 
considered the additional roll damping due to the viscosity of the fluid). Maximum mean power is obtained at T=1.16s 
in Fig.4, which are ,max{ ( )}c isolatedP T =0.985W for β=0o, ,max{ ( )}c isolatedP T =0.974W for β=5o, ,max{ ( )}c isolatedP T
=0.943W for β=10o. Comparing with the mean power in experiments seen in Fig. 2, about three times of power is 
achieved at peak value through optimisation of the PTO. For a single device, the reductions of power due to the 
variations of wave directions in this range are negligible. Of course, the mean power captured by M4 may be affected, 
probably reduced, by the nonlinear buoyancy and excitation forces due to the large amplitude motions. 
 
   
Fig.4 Rotational motions and mean power of single device under different wave directions 
 
5. Hydrodynamic Interactions between Multiple Devices in Regular Waves 
To understand the park effects in the arrays of M4, roll and yaw motions of each device are shown in Fig.5 for two 
devices in a side-by-side layout when β=0o. Three spacings (centres to centres of floats) are chosen, which are 1.0m, 
2.0m and 4.0m. As expected, larger roll and yaw motions are found when spacing between two devices is smaller. 
Comparing with the results of roll and yaw motions in Fig.4, more peaks are found in short waves apart from the 
peaks at T=1.28s due to the existence of the second device. Mean power of each M4 in a two-device array is also 
compared with a single device. Reduction of peak value of mean power (-22% as shown in Fig. 5) is found when 
spacing=1.0m and more power (5% as shown in Fig.5) is obtained when spacing=2.0m. The influence of the second 
device is negligible at T=1.16s when spacing=4.0m. 
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Fig.5 Rotational motions and mean power of each device in two-device array (β=0o) 
 
To show park effect more directly, the modified q-factors (qmod as defined in Eq. (6)) of different arrays in side-by-
side layout (β=0o) are shown in Fig.6. It can be seen that constructive and destructive effect changes with wave period. 
Both constructive and destructive effect becomes more significant when more devices are in the arrays. When there 
are five devices, the modified q-factor is up to 0.13 (constructive effect) at T=0.96s when spacing=4.0m and down to 
-0.28 (destructive effect) at T=1.18s when spacing=1.0m. At peak period T=1.16s, destructive effect is found when 
spacing=1.0m. Constructive effect is found when spacing=2.0m and 4.0m, which is up to 9% of the peak value of 
mean power ,max{ ( )}c isolatedP T  in five-device array (spacing=2.0m). 
 
   
Fig.6 Modified q-factor of different arrays in side-by-side layout (β=0o) 
 
6. Discussions 
The limitations of linear potential flow models are well known. But they still offer a powerful numerical tool at the 
early stage of development of WECs. Comparisons of relative rotations and mean power in regular waves have 
confirmed that the three-float multi-mode WEC M4 can be represented as a linear dynamic system. An increase of 
power of about three times is achieved at its peak value through optimisation of the damping coefficient of the PTO. 
The spacings of devices in arrays of side-by-side layout have significant impact on the performance of M4. Further 
assessments of performance will be carried out for M4 in irregular waves considering different wave energy spectra, 
which will be discussed in the workshop. 
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